We report intrinsic photoluminescence in the ultraviolet for adamantane ͑C 10 H 16 ͒, the smallest in a series of hydrogen-passivated diamond clusters ͑diamondoids͒. The luminescence is ascribed to recombination of selftrapped excitons. The inclusion of high amounts of nitrogen into the nanodiamond's crystal lattice, using the example of urotropine ͑hexamethylenetetramine͒, is found to quench the luminescence. The results show that diamondoids are promising semiconductor nanocrystals for nanophotonic applications in the ultraviolet spectral region.
I. INTRODUCTION
Semiconductor nanocrystals ͑NCs͒ have attracted considerable attention due to their size-dependent electronic structure. 1, 2 While large parts of the semiconductor industry are silicon-based, light-emitting devices are in general made from direct band gap compound semiconductors, such as GaAs. The discovery of luminescence from Si nanostructures in 1990 ͑Ref. 3͒ sparked interest in the light emission properties of elemental indirect band gap semiconductor nanostructures 4, 5 and revealed new possibilities to implement light-emitting devices. Even though there has been considerable progress in the understanding of Si luminescence, the details of its origins are still a matter of debate. 4 Quantum confinement effects and the breakdown of the momentum conservation in nanostructures, 6 as well as highly localized defect states, 4 play a decisive role. Despite the majority of work focused on Si, the underlying concepts are expected to be of universal nature. However, it is still unclear if and how these concepts extend to indirect band gap semiconductors other than Si.
In this paper, we report on intrinsic photoluminescence ͑PL͒ of the smallest diamond nanostructure, adamantane ͑C 10 H 16 ͒. We find that this diamond molecule of 0.5 nm diameter ͑0.3 nm for the carbon cage͒ 7 exhibits a broad ultraviolet ͑UV͒ luminescence when photoexcited above its principal gap of 6.49 eV. 8 UV luminescence is found to be quenched by introducing nitrogen into the adamantane lattice.
Adamantane ͑C 10 H 16 ͒, shown in Fig. 1͑b͒ , is a hydrogenpassivated and fully sp 3 -hybridized carbon cluster. It is the smallest closed-cage structure in bulk diamond configuration consisting of only a single crystal cage. As such, it is the starting point of a series of perfectly defined diamond NCs, called diamondoids. 9 Diamondoids exhibit a variety of interesting electronic properties, [10] [11] [12] as well as a size-and shapedependent optical absorption in the UV. 8 Furthermore, they can be introduced into solid state devices via self-assembled monolayers 13, 14 and they are biocompatible, making them attractive for applications in nanotechnology.
II. EXPERIMENT
The adamantane samples investigated in this work exhibit purities exceeding 99% and have been obtained from SigmaAldrich. To avoid interaction of the NCs with their surroundings as well as among each other, experiments were performed in the gas phase. 15 For investigation of the PL, we employ synchrotron radiation from beamline U125/2 at the Berlin synchrotron facility BESSY II. The incoming photon beam is monochromatized using a 10-m normal-incidence monochromator equipped with a 300 l/mm grating yielding a spectral resolution better than 30 meV. To confine the interaction of the synchrotron beam with the sample to a small well-defined volume, an absorption cell setup is used, which is placed inside a vacuum chamber. The absorption cell uses three MgF 2 windows, two in line with the synchrotron beam to measure transmission and one perpendicular to the incident beam to allow the detection of luminescence. The light transmitted through the absorption cell is a measurement for the absorption 8 and is used to estimate the quantum yield ͑QY͒. The PL is dispersed by a 1-m normal-incidence monochromator equipped with a 1200 lines/mm grating ͑blaze wavelength 150 nm͒ and recorded by a position-sensitive CsTe microchannel-plate detector, which is sensitive to wavelengths from 160 to 300 nm. The spectral resolution is better than 30 meV. Prior to measurements, the sample inside the absorption cell is outgassed in vacuum at ambient pres- 
III. RESULTS AND DISCUSSION
The spectrally resolved luminescence of adamantane is shown in Fig. 2͑a͒ . The luminescence is very broad in energy and ranges approximately from 4.9 to 6.5 eV with a width of more than 0.8 eV ͑FWHM͒. Exhibiting a slow increase at the low energy side, the PL reaches its maximum intensity around 5.8 eV. The PL intensity drops a little more steeply toward higher energies with no noticeable luminescence beyond 6.5 eV. The emission spectrum in Fig. 2͑a͒ , recorded at an excitation energy of 7.12 eV ͑174.2 nm͒, is not dependent on the excitation energy. It seems to possess multiple components, which are, however, not all clearly resolvable. In bulk diamond a narrow luminescence band due to intrinsic phonon-assisted recombination has been observed. 16 The shoulder at 6.2 eV could be due to a similar decay channel including free electron-hole pair recombination over the band edge ͑ϳ6.5 eV͒ ͑Ref. 8͒ and the excitation of a CHstretch vibrational mode ͑ϳ350 meV͒. 17 The known size and well-defined structure of adamantane, shown in Fig. 1 , allow to a priori exclude several effects, which often complicate the interpretation of experimental luminescence spectra, e.g., recombination at defect sites, broadening due to size distribution, or Förster type energy transfer from smaller to larger nanocrystals.
The luminescence of the investigated diamond NC exhibits a considerable red-shift compared to its absorption, displayed in Fig. 2͑b͒ . The emission maximum at ϳ5.8 eV is red-shifted by 0.7 eV with respect to the optical absorption gap of adamantane at 6.49 eV. 8 The difference in absorption and emission energies ͑Stokes shift͒ is typically assigned to structural relaxation of the excited state. Experimental results on the size dependence and magnitude of the shift due to such relaxation in Si NCs are controversial, with the maximum shift ranging from a few hundred meV to several eV. [18] [19] [20] Different surface structures and passivants have been predicted to exert strong influence on the Stokes shift in Si NCs. 18 For small hydrogenated Si NCs, a shift on the order of ϳ1 eV is expected due to structural relaxation of the excited state. 18, 19 Nonetheless, one has to consider that diamond nanoparticles possess a more rigid framework than their Si analogs. This rigidity should lead to less structural relaxation upon excitation and thus result in a smaller Stokes shift. Another effect that can lead to large shifts is recombination of self-trapped excitons ͑STE͒. STE, which are expected to occur in all types of small semiconductor NCs, 21 are localized on a single bond and form favorably at the crystallite's surface. Emission from STE states is known to produce shifts on the order of ϳ1 eV in good agreement with the shift observed. In addition, emission from STE states is typically broad in energy, 22 just like the emission observed for adamantane. These indicators lead us to believe that the luminescence is due to STE.
To get further insight into the origin of the measured PL, we have recorded a luminescence excitation spectrum of adamantane. The overlay in Fig. 2͑b͒ shows that the measured luminescence intensity scales with the absorption coefficient of adamantane, reproducing all major absorption features. This provides unambiguous evidence that the detected PL originates from the nanodiamond itself. In order to consider the usability of diamond nanostructures for future photonic applications, next, the QY is discussed. A rough estimate gives a PL QY close to 1%. This number has been derived by calculating the number of absorbed photons from the transmission measurements and considering the geometry and the detection sensitivity of the experimental setup. Recent theoretical investigations on similar nanodiamonds predicted radiative lifetimes to be smaller than ϳ100 ms. 23 This alone and without reference to nonradiative rates, however, does not allow to draw conclusions about the luminescence QY. As a comparison, we want to discuss the QY in the light of the findings for Si NCs, the most closely related system. In Si NCs of comparable size luminescence QYs are typically on the order of a few percent when measured at room temperature rising to several ten percent when cooled to liquid nitrogen or even helium temperatures. 5 Low QYs in Si NCs have been attributed to the coexistence of "bright" and "dark" NCs and 100% QY is expected for perfect samples. 24 Adamantane resembles these "bright" NCs because nonradi- 2 . ͑Color online͒ ͑a͒ The emission spectrum of adamantane upon UV photoexcitation. ͑b͒ The luminescence yield of adamantane compared to its optical absorption ͑Ref. 8͒. The differences in absolute intensity at higher energies in panel ͑b͒ are due to the different measurement techniques.
ative processes due to recombination at structural defects can be excluded. The investigation of the temperature dependence of the observed PL might shed light on the underlying processes and the nature of the competing nonradiative decay channels.
In bulk diamond, typically, nitrogen-vacancy centers are used to introduce visible luminescence. Molecular diamonds with sizes below 1 nm are too small to incorporate vacancies in their lattice structure. Also, the substitution of atoms on regular bulk diamond lattice sites by single nitrogen atoms will not function as doping, i.e., add free electrons or holes to the host crystal. However, it is important to understand the influence of nitrogen inclusion on the optical properties of nanoscale diamond. As a first step in this direction, we investigated urotropine ͑hexamethylenetetramine͒, shown schematically in the structural inset in Fig. 3 . The optical absorption spectrum of urotropine is shown in Fig. 3 . The spectrum is found to be rather continuous and sharp spectral features, as observed for adamantane, 8 are absent. The absorption onset is very smooth and the optical gap, as defined in Ref. 8 , is determined to be 5.42Ϯ 0.04 eV, about 1 eV lower than for adamantane. Similar to adamantane, the spectrum exhibits two broad main bands. The first one ranges from the absorption onset to approx. 7 eV and the second starts at 7 eV and fades into the ionization continuum beyond 8 eV. The urotropine structure corresponds to the inclusion of four nitrogen atoms into the adamantane framework meaning a massive "doping" concentration close to unity. Rather than to "doped" adamantane, the additional valence electrons of the N atoms lead to electron lone-pairs replacing covalently bonded hydrogen. These electron lone-pairs constitute the highest occupied states, 25 which are broad in energy and dominate the optical properties near the gap resulting in a lower optical gap and a smooth appearance of the spectrum. Contrary to adamantane, no UV PL is observed upon excitation between 5.6 and 8.8 eV. This lack of UV luminescence suggests that, unlike adamantane, urotropine possesses a structure that strongly favors nonradiative decay.
IV. CONCLUSIONS
In this work, we have shown that adamantane exhibits very broad intrinsic PL in the UV spectral region. The results suggest that transitions in indirect band gap semiconductors are no longer restricted by momentum conservation rules when dimensions are reduced. The broadness of the emission spectrum raises questions about the precise mechanisms behind the observed luminescence. We propose STE to be responsible for this broadness as well as for the large difference between absorption and emission energies. Similar measurements on urotropine, a highly nitrogen doped diamond cluster, show a strongly deviating optical absorption and no luminescence. The present results show that unreconstructed nanodiamonds, such as diamondoids, are promising candidates for light-emitting devices in the deep UV spectral region.
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